Abstract-Pool fire is a major accident type of flammable liquid. In this paper, a particle system based 3D simulation model of pool fire flame is established. On this basis, a multipoint source model of pool fire thermal radiation is proposed. Each living particle in the particle system is considered as a radiation source. A study case of gasoline pool fire is simulated by this model, and the radiation results evaluated by this model are compared with those evaluated by the point source model and the measured data.
INTRODUCTION
Pool fire is one of the most major accidents in petrochemical industries, it accounts for a large proportion of all fire incidents. Burning pool fire flame does not have a fixed shape, but have dynamic and stochastic characteristics. This makes it difficult to use traditional three-dimensional modeling method to simulate. However, as an important virtual reality technology, particle system can easily implement fuzzy objects (fire, clouds, water, etc.) modeling. Particle system was firstly proposed in 1983 by Reeves. Its core idea is to extract rules from small physical models, and construct complex objects using simple elements [1] . After that, there have been many studies to use particle system to simulate the phenomenon of combustion [2] [3] [4] [5] [6] .
For pool fire simulation, in addition to a realistic shape of flame, consequence simulation of the pool fire is more important, so that the impact of fire can be analyzed in the simulation environment. Thermal radiation of pool fire is the main cause of casualties and property damage. The hazard of pool fire is mainly thermal radiation damage. The establishment of thermal radiation model is very important for pool fire risk assessment. In the report [7] , the main thermal radiation models of pool fire were divided into three categories: one is semi-empirical model, the other is field model, and the third is integral model. Semi-empirical models are empirical formulas based on experimental data. Field model (such as computational fluid dynamics model) solves the Navier-Stokes equations of fluid flow, needs submodels of physical and chemical processes occurring in fire to predict fire behavior. The integral model is a compromise between semi-empirical model and field model. Field model can provide more rigorous and flexible framework to solve the combustion problems than semi-empirical model. The disadvantage in using field models or integral models is that their use requires significant effort and expertise, usually the field models are time-consuming and resource consuming. The advantages of semi-empirical model are that they are relatively simple, easy to use and the predicted results are reasonable, so that semi-empirical models are more frequently used in practical risk assessments.
Three-dimensional simulation method of pool fire is studied in this paper. The 3D simulation of pool fire mainly contains the following two aspects: the first is the realistic flame; the second is the consequence of the pool fire.
II. 3D SIMULATION MODEL OF POOL FIRE

A. 3D flame of pool fire
Particle system is composed of large number of simple primitives which are called the particles. Each particle has a set of attributes such as shape, size, color, transparency, position, velocity and lifetime, etc. Particle system is not a simple static system. As time goes by, not only are the existing particles in the system kept changing, but also new particles are added to the system, some old particles will disappear. In order to simulate particle growth and death process, each particle has a certain life cycle. The pool fire flame can be simulated by particle systems.
In the simulation of flame animation sequence, each frame must perform the following steps [1] :
i. New particles are generated ii. Each new particle is assigned its own set of attributes iii. Any particles that have existed for a predetermined time are destroyed iv. The remaining particles are transformed and moved according to their dynamic attributes
v. An image of the remaining particles is rendered For the pool fire simulation, the generation of particles, particle movement and particle extinction are introduced here.
1) Generation of pool fire particles
Assume the burning rate is equal at any point of the liquid surface. Thus, the initial positions of generated particles are uniformly distributed on the surface. Suppose the particle's position in three-dimensional space is determined by the X, Y, Z axes, and Y-axis is the longitudinal axis which is perpendicular to the ground. For the circular liquid pool, the position of a generated particle should satisfy the following relationships: 
Where, x(0),y(0),z(0) are the initial coordinate values of a particle; x0,y0, and z0 are the coordinate values of the center point of the pool surface; R is the radius of the liquid pool, m; random (-R, + R) denotes a uniformly distributed random number between -R and +R.
For a rectangular shape or other shapes of the liquid pool, the particle's initial position can be determined similarly.
2) Movement of pool fire particles
Pool fire flame is shown by the movement of a large number of particles. Velocity and direction of particle movement have a major impact of the pool fire shape. The velocity of a particle consists of an average and a stochastic part. The stochastic part reflects the dynamic and random character of a flame.
Where, u(t)、v(t)和 w(t) are velocities in the X, Y and Z directions of a particle at the time t, respectively; Under no wind circumstance, and ) t ( w ) t ( u are both zeros. Roaring fires will require a high particle velocity ) t ( v , while gentle fires should comprise slow-moving particles.
It is assumed that the mean upward velocity of gases at any height Y is proportional to the square root of Y. This is borne out by data from large field tests with other hydrocarbon fires where such velocity measurements have been made [8] . Thus, the mean velocity ) t ( v is determined as:
Where, y(t) is the Y-axis value of the particle at time t. The trajectory of each particle can be considered as a series of discrete points. By the human eye's persistence of vision, the movement of particles appears to be continuous. The discrete points of particle movement process are determined by the update intervals of the particle system. Pool fire flame is implemented by rendering all the particles at each animation frame. The time between two frames is composed of certain update intervals of the particle system. A series of animation frames can show pool fire burning flame. Particle position at time t can be determined as following:
Where, Δt is update interval of the particle system. 3) Extinction of pool fire particles Each particle has its lifetime. The particles die at end of their life, and they are deleted from the particle system. Particle lifetime is determined by the flame length and the velocity of the particle. As the flame mainly moves upward under no wind circumstance, so the lifetime of a particle is determined by the flame length in Y axis and the velocity component in Y-axis.
One of the most well known flame length correlations is the Thomas correlation [7] :
Where, L is the flame length, m; D is the pool diameter, m; m b is the mass burning rate, Kg/(m 2 s); ρ a is the ambient air density, Kg/m 3 ; g is the acceleration due to gravity, m/s 2 . So, the lifetime of a particle is:
Where, v is the mean velocity over the height 0 to L; τ is a stochastic value.
When the flame length L is determined, based on the formula (3) the mean velocity v can be determined by: 
B. Multi-point source model of thermal radiation
In the 3D simulation, the assessment of the consequences must have rapid execution speed and use less resource due to the application needs. So, semi-empirical model is adopted under this circumstance. Most widely used semi-empirical models are the Point-source model and the Surface Emitter Model. The point source model is a correct assumption at large distances from the fire [9] . The predictions made by the point source model are on average closer to the experimental data than any other model tested in Rob Fleury's research [10] . In the particle system simulation of pool fire mentioned above, pool fire is constituted by a large number of particles. Different particles locate at different points in the flame. These particles can be directly used to represent the energy of the flame. Thus, a multi-point source model of pool fire thermal radiation can be established.
In the point-source model, the received radiation flux Q is given by [7] :
Where, P is the emissive power of the flame, kW; r is the distance from the source to the receiver, m.
The emissive power P is given by [7] :
Where, m b is the mass burning rate, kg/(m 2 s); A is the pool area, m 2 ; F is the fraction of combustive energy released as radiation; ΔH c is the net heat released by combustion of the fuel at its boiling point, kJ/kg.
In the particle system simulation of pool fire, the released thermal radiation of the fire can be considered as the sum of thermal radiation released by these particles. Then, each particle is looked as a radiation source. The amount of radiation received by target at time t is;
Where, K is the number of living particles in the system. Obviously, K is determined by the particle system and cannot be changed by the operator freely. P i (t) is the emissive power of the ith particle, kW; r i (t) the distance from the ith particle to the receiver, m.
Suppose the coordinates of the target is (x tar ,y tar ,z tar ), then,
Where, x i (t), y i (t) and z i (t) are coordinates of the ith particle in the X, Y and Z axes at time t;
If the released radiation of each particle is considered equal, then:
III. CASE STUDY Based on OpenGL, a simple 3D environment of a gasoline tank area is established, which is shown as Fig. 1 . There are tanks (4m diameter and 4m height), buildings, roads and a virtual human in the scene. The main purpose of the simulation system is to analyze the response of the virtual human when an accident occurs. When a tank fire occurs, the fire is looked as a pool fire and the possibility of explosion is not considered. The particle system based 3D simulation of the pool fire is as follows:
(1) Particle system parameters. The chances that the particles are generated on any point of the pool surface are equal. The update interval of the particle system is set to be 3ms. Each update a new particle is generated. The stochastic factors describing the turbulence of a fire, such as u'(t), v'(t), w'(t) and τ, take the normal distribution with mean 0, and the standard deviation is 15% of the corresponding average value. They vary in a certain range only to simulate realistic fire shape, while the main structure of the flame is determined by flame length, particle average velocity, and average particle lifetime. According to the formulas (5)- (7), the flame length is 8.64m, the mean velocity is 2 m/s, and the mean lifetime of particles is 4.32s.
(2) Burning process. During the simulation, new particles emerge and old particles disappear. The number of living particles in the particle system gradually increases from zero to a steady-state, in which the number randomly varied in a limited range. In each animation frame all living particles are rendered.
(3) Thermal radiation analysis. The thermal radiation of the gasoline pool fire is analyzed by using the multi-point source model mentioned above. To compare the result with the measured radiation data, a target which is 20 meters (5 times the diameter) away from the center of the tank and in the same height with the pool surface (4m height) is studied here. The mass burning rate is 0.055 Kg/(m2s), and the net heat released by combustion of gasoline at its boiling point is 43700KJ/Kg [11] .
The value of F factor in the thermal radiation model has a great impact on determining the final amount of thermal radiation. Generally, a larger F value corresponds to a smaller diameter of the liquid pool. Table 1 shows the Ffactor values for gasoline point-source model, derived from external heat flux measurement [7] . In this case studying, the F factor value is taken as 25%. After the simulation goes into the steady state, the thermal radiation flux at the target is sampled. Ten samples and corresponding living particles are shown in Table 2 .
The average of the above 10 radiation flux samples is 1.44 kW/m 2 . The radiation flux calculated by point-source model at the target is 1.577kW/m 2 . Under the same circumstance, the observed mean radiation value is approximately 1.4kW/m 2 [12] To validate the results of multi-point source model with other published data [12] , the radiation evaluated at the dimensionless distance of five diameters is also presented in this study. The comparisons of gasoline pool fires are shown as Fig.2 . Three diameters which are 1.5m, 3m and 4m are studied. The results show that based on particle system 3D simulation of pool fire, the multi-point source model established by directly using the particles can reflect the thermal radiation well. The radiation evaluated by the multipoint source model is better than that evaluated by the point source model. The comparisons of diesel pool fire are shown as Fig.3 . Four diameters which are 1.5m, 3m, 4m and 6m are studied. Based on the particle system simulation of pool fire, the living particles are considered as radiation sources, so that a multi-point source model of pool fire thermal radiation is established. Real burning flame will emit thermal power from all parts of the flame.
